INTRODUCTION

N i t r o x i d e m o i e t i e s attached t o s u r f a c t a n t molecules a t d i f f e r e n t p o s i t i o n s along t h e a1 k y l chain have been used t o probe t h e i n t e r n a l and i n t e r f a c e s t r u c t u r e o f organized molecular assemblies such as m i c e l l e s , v e s i c l e s and b i l a y e r membranes. studies t h e e l e c t r o n s p i n resonance spectrum o f t h e n i t r o x i d e has been analyzed i n terms o f i t s c o r r e l a t i o n t i m e and i t s lineshape i n order t o say something about t h e l o c a l dynamics o f t h e environment of t h e n i t r o x i d e probe. A d i f f e r e n t method which i s somewhat complimentary and which gives d i r e c t s t r u c t u r a l information i s t o measure weak d i p o l a r h y p e r f i n e i n t e r a ct i o n s between t h e unpaired e l e c t r o n o f t h e n i t r o x i d e and n u c l e i a t t h e i n t e r f a c e and/or a t
s p e c i f i c a l l y l a b e l l e d p a r t s of t h e surfactant molecules forming such organized assemblies. To measure such weak nuclear i n t e r a c t i o n s e l e c t r o n spin-echo modulation (ESEM) s t u d i e s have proved t o be p a r t i c u l a r l y useful, I n t h e m a j o r i t y o f these ESEM E l e c t r o n s p i n ecboes a r e generated i n pulsed ESR ( e l e c t r o n s p i n resonance) i n response t o s u i t a b l e resonant pulse sequences ( r e f . 1). The pulse sequences r e o r i e n t t h e magnetic d ipoles such t h a t they dephase and then rephase i n response t o a l l time-dependent magnetic i n t e r a c t i o n s i n t h e system; t h e rephasing of t h e magnetic d i p o l e s t o reform t h e macroscopic magnetic moment c o n s t i t u t e s t h e echo. The echo thus measures t h e n e t magnetization o f t h e s p i n system a t a given time. The simplest t y p e o f pulse sequence c o n s i s t s o f a 90' p u l s e followed by a 180" pulse. The 90" pulse n e a r l y instantaneously o r i e n t s t h e various e l e c t r o n spins i n c l u d i n g those i n d i f f e r e n t nuclear environments along one a x i s i n t h e xy plane perpendicular t o t h e e x t e r n a l l y a p p l i e d magnetic f i e l d d i r e c t i o n along t h e z-axis.
various spins then precess a p a r t i n t h e xy plane a t s l i g h t l y d i f f e r e n t r a t e s depending on t h e i r various nuclear environments o r Other magnetic i n t e r a c t i o n s . A f t e r a time T, a 180' pulse i s a p p l i e d which r e o r i e n t s t h e spins i n t h e xy plane so t h a t they now precess toward one another. A f t e r a second time T, they rephase and coalesce t o form a b u r s t o f microwave energy c a l l e d an echo. An a c t u a l experiment i s done by v a r y i n g t h e time between t h e pulses t o produce successive echoes. The echo amplitude decreases w i t h i n c r e a s i n g i n t e r p u l s e t i m e because of transverse r e l a x a t i o n processes, The echo i n t e n s i t y i s measured as a f u n c t i o n o f i n t e r p u l s e time and if magnetic n u c l e i a r e w i t h i n about 0.2 -0.6 nm from t h e unpaired e l e ct r o n t h e echo i n t e n s i t y w i l l t y i c a l l y be modulated. This modulation i s p r i m a r i l y a f u n c t i o n of t h e number and d i s t a n c e o f t t e c l o s e s t surrounding magnetic n u c l e i .
To apply ESEM t o m i c e l l e systems which have a complex s t r u c t u r e t h e modulation depth i s analyzed s e m i q u a n t i t a t i v e l y . l o c a l i z e d a t some p o s i t i o n i n t h e surfactant system. The normalized deuterium modulation de t h i s defined as t h e depth of t h e f i r s t modulation minimum r e l a t i v e t o t h e unmodulated e c l o i n t e n s i t y d i v i d e d by t h e depth t o t h e baseline. This normalized modulation depth i s a v e r y r e p r o d u c i b l e parameter f o r comparing t h e e x t e n t o f i n t e r a c t i o n w i t h d e u t e r i u m a t various l o c a t i o n s w i t h i n s u r f a c t a n t systems, Since t h e number o f i n t e r a c t i n g deuteriums i n such complex systems i s t y p i c a l l y l a r g e , changes i n t h e modulation depth a r e p r i m a r i l y i n t e rp r e t e d as changes i n t h e d i s t a n c e t o t h e i n t e r a c t i n g d e u t e r i u m . These T y p i c a l l y , deuterium modulation i s observed from deuterium Since t h e ESE modulation a r i s e s from a d i p o l a r i n t e r a c t i o n i t i s averaged o u t by r a p i d molecular tumbling i n l i q u i d s o l u t i o n and consequently can o n l y be observed i n r a p i d l y f r ozen s o l u t i o n s . Many i o n and atom s o l v a t i o n s t u d i e s have been c a r r i e d o u t i n r a p i d l y f r o z e n aqueous s o l u t i o n s and have showq c o n s i s t e n t l y t h e r e t e n t i o n of a s o l v a t i o n s h e l l i n r a p i d l y frozen s o l u t i o n s ( r e f . 2 ) . I n m i c e l l a r systems several s p e c i f i c experiments i n d i c a t e t h a t t h e m i c e l l a r sbructure i s r e t a i n e d i n r a p i d l y frozen aqueous s o l u t i o n s . (1) t h e l i f e t i m e o f photogenerated tetramethylbenzidine c a t i o n ( r e f . 3 ) : I n b u l k s o l u t i o n t h e l i f e t i m e o f t h i s c a t i o n i s a few microseconds whereas i n m i c e l l a r l i q u i d s o l u t i o n s i t i s of t h e o r d e r o f minutes. r a p i d l y frozen and then thawed, t h e c a t i o n i s s t i l l v i s i b l e by e l e c t r o n s p i n resonance i nd i c a t i n g t h a t t h e m i c e l l a r s t r u c t u r e has been r e t a i n e d i n t h e f r e e z i n g and thawing process.
( 2 ) c e l l e s and v e s i c l e s ( r e f . 4 ) . Since v e s i c l e s are much l e s s dynamic and a r e more ordered s t r u c t u r e s than a r e m i c e l l e s , one would expect t h a t t h e v e s i c u l a r s t r u c t u r e would be r et a i n e d on r a p i d f r e e z i n g t o a g r e a t e r degree than t h e m i c e l l a r s t r u c t u r e . Since analogous and reproducible r e s u l t s are obtained f o r experiments i n b o t h media t h i s su gests t h a t t h e m i c e l l a r s t r u c t u r e i s r e t a i n e d upon r a p i d f r e e z i n g o f aqueous s o l u t i o n s . (37 A t h i r d i n d ic a t i o n i s t h a t s i m i l a r aggregation numbers f o r sodium dodecyl s u l f a t e m i c e l l e s a r e measured i n l i q u i d and frozen s o l u t i o n s by luminescence quenching ( r e f . 5 ) . of t h e s i z e of t h e m i c e l l e t h a t i s r e t a i n e d i n both l i q u i d and frozen s o l u t i o n s . f o u r t h i n d i c a t i o n i s t h a t B a g l i o n i e t a l . ( r e f s . 6-8) have measured t h e p a r t i t i o n c o e f f ic i e n t f o r several a l c o h o l s and crown ethers i n f r o z e n sodium d o d e c y l s u l f a t e m i c e l l a r s o l ut i o n s and have found values i n good agreement w i t h those obtained by NMR a t room temperature ( r e f . 9 ) . sions i s r e t a i n e d upon f r e e z i n g comes from freeze f r a c t u r e e l e c t r o n microscopy and from t h e method of d i r e c t imaging ( r e f s . 10-15).
One evidence is
I f t h e c a t i o n i s generated i n l i q u i d m i c e l l a r s o l u t i o n and t h a t i s
Analogous r e s u l t s a r e obtained f o r tetramethylbenzidine c a t i o n photogenerated i n m iThis is a d i r e c t measure ( 4 ) A ( 5 ) Further evidence t h a t t h e s t r u c t u r e o f m i c e l l e s , v e s i c l e s and microemul-
IONIC MICELLES
The x -d o x y l s t e a r i c acids have turned o u t t o be u s e f u l s p i n probes i n m i c e l l a r systems. where t h e tetramethylammonium group has been deuterated, as a f u n c t i o n o f t h e doxyl p o s i t i o n x ( r e f . 16), As x increases t h e doxyl group i s moved f u r t h e r from t h e p o l a r headgroup of t h e s p i n probe and would be expected t o correspond t o a decrease i n t h e modulation depth f o r a counterion l o c a t e d a t t h e surface o f t h e m i c e l l e , This i s indeed observed from x = 5 t o 
These probes have t h e f o l l o w i n g s t r u c t u r e s , HOOC(CH~)x-~-(doxyl)-(CH~)~~~xCH~ where t h e 1 doxyl group i s a f i v e membered r i n g > t-NO-C(CH3)2-CH20, where t h e p o s i t i o n o f t h e doxyl group can be v a r i e d along t h e s t e a r i c a c i d chain and i s denoted by x. Figure 1 shows t h e type of ESEM data t h a t are obtained i n m i c e l l a r systems by u s i n g a 5 -d o x y l s t e a r i c a c i d probe i n tetramethylammonium dodecylsulfate (TMAOS) m i c e l l e s . I n t h e p r o t i a t e d system, o n l y s h a llow proton modulation i s observed b u t when t h e tetramethylammonium c h l o r i d e counterion i s deuterated (TMADS-d 2) deeper modulation a t t h e frequency c h a r a c t e r i s t i c o f deuterium i nt e r a c t i o n s i
i n some cases. Very s i m i l a r r e s u l t s a r e obtained f o r TMADS i n D20 which i n d i c a t e s t h a t t h e deuterated water i s l o c a l i z e d a t t h e m i c e l l a r i n t e r f a c e and does n o t penetrate s i g n i f ic a n t l y i n t o t h e m i c e l l e . t h e average conformation o f t h e s u r f a c t a n t chains o f t h e s u r f a c t a n t w i t h i n t h e m i c e l l a r s t r u c t u r e ( r e f s , 17,181. i n t e r f a c e and i n t e r n a l s t r u c t u r e , Comparison of sodium dodecylsulfate m i c e l l e s w i t h l i t h i u m dodecylsulfate m i c e l l e s shows t h a t t h e s u r f a c t a n t molecules a r e much more extended i n t h e sodium dodecylsulfate m i c e l l e s . i n t e r f a c e r e g i o n i n
This i n d i c a t e s t h a t t h e This i m p l i e s t h a t t h e doxyl
l i t h i u m b u t n o t i n sodium d o d e c y l s u l f a t e m i c e l l e s . The TMADS m i c e l l e s behave very s i m i l a r l y t o t h e l i t h i u m d o d e c y l s u l f a t e m i c e l l e s and have a q u i t e d i s t i n c t l y d i f f e r e n t i n t e r f a c e and i n t e r n a l s t r u c t u r e than t h e sodium d o d e c y l s u l f a t e .
The e f f e c t s of added cosurfactants such as a l c o h o l s w i t h v a r y i n g a l k y l chain l e n g t h s ( r e f s .
6,19) and of crown ethers t o complex t h e counterion associated with m i c e l l e s (refs, 7,8) can a l s o be s t u d i e d by ESEM and n i t r o x i d e probe methods t o explore how these f a c t o r s i nfluence t h e i n t e r f a c e s t r u c t u r e o f such organized molecular assemblies.
It i s found t h a t t h e counterion has a s t r o n g e f f e c t on t h e m i c e l l a r
Also water penetrates more s i g n i f i c a n t l y i n t o t h e
NONlONlC MICELLES
An important c l a s s o f nonionic m i c e l l e s i s composed of oligo(oxyethy1ene) a1 k y l s u r f a c t a n t s which a r e more commonly c a l l e d polyethylene oxide surfactants, a l k y l chain t y p i c a l l y 8 -12 carbons i n l e n g t h attached t o a more p o l a r ethylene oxide chain t y p i c a l l y 6 -8 carbons i n length, if one considers i t t o i n c l u d e a l l o f t h e ethylene oxide linkages. The n i t r o x i d e probe method combined w i t h ESEM can be used t o explore t h e e x t e n t of water p e n e t r a t i o n i n t o t h i s ethylene oxide r e g i o n as w e l l as t o reveal o t h e r aspects o f t h e i n t e r f a c e and i n t e r n a l s t r u c t u r e of nonionic mice1 l e s , The s t r u c t u r e of n o n i o n i c m i c e l l e s was explored by l o c a l i z i n g deuterium i n t h r e e d i f f e r e n t regions w i t h i n t h e m i c e l l a r s t r u c t u r e ( r e f , 20), One r e g i o n has deuterium l o c a l i z e d i n t h e a l k y l core r e g i o n by d e u t e r a t i n g t h e a l k y l chain, The second r e g i o n has deuterium i n t h e ethylene oxide r e g i o n by d e u t e r a t i n g t h e carbons i n the ethylene oxide chain and t h e f i n a l r e g i o n i s t h e e x t e r n a l i n t e r f a c e which i s "labeled" w i t h deuterated water, Fiqure 3 shows t h e echo i n t e n s i t y versus i n t e r p u l s e t i m e for 5 -d o x y l s t e a r i c a c i d probes i n nonionic m i c e l l e s composed of hexakis (ethyleneglycol )monododecyl e t h e r (CI2E6) i n which These a r e composed o f an Thus t h e p o l a r i n t e r f a c e r e g i o n i s q u i t e extensive deuterium i s localized in water, in the ethylene oxide chain (C12D6) and in the alkyl chain ( CD) azE63 I t can be readily seen t h a t the degree of deuterium modulation i s q u i t e d i f f e r e n t f o r deuterium localized in these three d i f f e r e n t posit6ons. modulation i s q u i t e weak when the deuterium i s located in the water which indicates t h a t the water does not penetrate very s i g n i f i c a n t l y even i n t o the ethylene oxide region of the nonionic micelle. of the x-doxy1 position f o r deuterium located in the ethylene oxide region and f o r deuterium located i n the alkyl region of the surfactant molecules. Figure 4 shows the normalized deuterium modulation depth a s a function
I t i s most obvious t h a t the deuterium
The shapes of these curves indicate t h a t the x-doxylstearic acids a r e bent i n these nonionic micelles a s they a r e in the ionic dodecylsulfate micelles with lithium and tetramethylammonium as counterions. However the bending i s not nearly a s dramatic a s in the ionic micelles. Secondly, i t i s c l e a r t h a t the x-doxylstearic acids "see" deuterium in both the alkyl and ethylene oxide regions. Model simulations of the deuterium modulation show t h a t l i t t l e i f any modulation would be observed f o r distances between the unpaired electron on nitroxide and the deuterium of greater than 0.6 nanometers so this gives some distance scale f o r the regions t h a t are being investigated, The symmetrically inverse shapes in Figure 4 f o r the deuterated alkyl versus the deuterated ethylene oxide curves are a l s o consistent with the d i f ff e n t deuterated portions of the surfactant molecules being separated a s expected from small angle neutron s c a t t e r i n g experiments ( r e f s , 21 -23 ).
An analysis of the deuterium modulation depth with 7-doxylstearic acid in C12D6 and (CD)12E6 allows determination of the average probe location in the micelle. modulation i s s l i g h t l y greater f o r the probe in C12D than i n (CD)12E . the probe i s located i n the ethylene oxide region. &ch there i s eviience t h a t the surfact a n t alkyl chains do not penetrate into the ethylene oxide region ( r e f s . [21] [22] [23] , the values
The deuterium This indicates t h a t o f t h e deuterium modulation found f o r 7 -d o x y l s t e a r i c a c i d i n (CD) 2E6 and C 2D means t h a t t h e probe sees a s l i g h t l y g r e a t e r number of d e u t e r i u m i n C12D6 t k a n i n ( C D I & , m i c e l l e s . This ,implies t h a t t h e n i t r o x i d e i s l o c a t e d i n t h e ethylene oxide r e g i o n very near t o t h e border between t h e a l k y l core and t h e ethylene oxide region. However, these two regions have a d i f f e r e n t deuterium e n s i t y , w i t h an average deuterium volume o f about 0.014 nm3 i n simple geometry t h a t t o o b t a i n t h e same deuterium modulation from t h e core and t h e o u t e r s h e l l a probe must be l o c a t e d about 0.1 nm i n t o t h e ethylene oxide r e g i o n from t h e a l k y l core. Since t h e 7-doxy1 probe experiences s l i g h t l y h i g h e r deuterium modulation f o r C $6 w i t h respect t o (CD)12E6 m i c e l l e s we can conclude t h a t t h e 7-doxy1 probe i s l o c a t e d about 0.1 -0.2 nm from t h e a l k y l core i n t o t h e ethylene oxide region. With s i m i l a r reasoning t o - The effect of added c h o l e s t e r o l t o DPPC v e s i c l e s increases t h e h y d r a t i o n o f t h e i n t e r f a c e (ref, 19) . s t e a r i c a c i d probe increases s i g n i f i c a n t l y w i t h t h e mole r a t i o o f c h o l e s t e r o l . DODAC v e s i c l e s t h e normalized deuterium modulation depth i s g r e a t e r than i n DPPC v e s i c l e s i n d i c a t i n g g r e a t e r i n t e r f a c e h y d r a t i o n than i n z w i t t e r o n i c DPPC v e s i c l e s . s t e a r i c a c i d probes show a deuterium modulation depth t r e n d as i n Figure 2 i n d i c a t i n g t h a t they a r e bent i n DODAC i n c o n t r a s t t o DPPC v e s i c l e s . DPPC v e s i c l e s increases t h e i r i n t e r f a c e hydration. t o be p r i m a r i l y an i n t e f f a c e e f f e c t and n o t an i n t e r n a l e f f e c t on t h e v e s i c l e because t h e d o x y l s t e a r i c a c i d probes s t i l l show no bending i n DPPC v e s i c l e s as t h e y do i n DODAC v e s i c l e s . This behavior i s a c o n t r a s t t o what i s observed i n m i c e l l a r systems.
The experiments summarized here show t h e ESEM spectroscopy coupled w i t h n i t r o x i d e probes can e f f e c t i v e l y probe t h e i n t e r n a l and i n t e r f a c e s t r u c t u r e o f s u r f a c t a n t assemblies l i k e m ic e l l e s and v e s i c l e s . This experimental approach i s p a r t i c u l a r l y s e n s i t i v e t o changes i n t h e degree o f water i n t e r a c t i o n o r p e n e t r a t i o n i n t o s u r f a c t a n t assembly i n t e r f a c e s .
